ABSTRACT: The elemental composition of both healthy and eroded cetacean skulls associated with nematode infections was evaluated. A total of 27 samples of eroded and non-eroded prepared museum cetacean skulls were characterised by elemental (CHN), X-ray fluorescence, and X-ray diffraction methods. The inorganic composition and crystal line structure (hydroxylapatite-like minerals) were similar for both types of skull samples, but the CHN values clearly differed. The results suggest that the carbon-rich fraction is lost in eroded areas, probably as a result of glycosaminoglycan-degrading Crassicauda enzymes.
INTRODUCTION
Nematodes infesting tissues and organs of cetaceans are most commonly members of the family Crassicaudidae (Dailey 1985) . In numerous cases Crassicauda infections are believed to produce lesions in the skull of cetaceans, primarily in members of the Delphinidae (Dailey & Perrin 1973 , Robineau 1975 , Dailey & Stroud 1978 , Dailey & Walker 1978 , Perrin & Power 1980 , Raga et al. 1982 . Bone lesions have been reported in both stranded and captured dolphins in different oceans and seas of the world (Dailey & Perrin 1973 , Raga et al. 1982 . The absence of residual bone lesions in older animals has been interpreted as strong evidence indicating that parasitism may constitute a major factor in the natural mortality of small cetaceans (Perrin & Powers 1980 , Walker & Cowan 1981 , Geraci & St. Aubin 1987 . Whatever the proximate cause of mortality, understanding the causal relationships concerning parasiticcaused skull lesions will require a better understanding of both the host lesion and the associated parasites. Recently, a long-term macroscopic examination of cetacean cranial gross lesions in specimens from the coast of Galicia (NW Spain), an important stranding area , allowed us to carry out an elemental analysis of skull lesions which appeared as eroded areas in prepared museum skulls.
MATERIAL AND METHODS
A total of 27 prepared museum skulls belonging to immature bottle-nosed dolphins Tursiops truncatus were macroscopically examined for skull lesions (Table 1) . Trabecula-like bone lesions consisting of sunken surfaces with duct systems, 10 × 5 to 50 × 40 mm in size in the orbitary (frontal-orbitosphenoid) skull region, were classified as eroded areas (Fig. 1) . Noneroded bone areas were also sampled as controls. For each specimen, a comparison of eroded to non-eroded skull areas was made.
Eroded and non-eroded skull samples obtained following the procedure of Benneth & Oliver (1992) were examined by X-ray fluorescence and X-ray powder diffraction to determine the composition of the inorganic fraction and its single crystal line structure. Measurements were carried out on a Siemens D-5000 powder diffractometer at room temperature using graphite-monochromatized CuK α1 , 2 radiation (λ = 1.54056 Å). The skull organic composition was esti-mated by CHN analyses obtained with an elemental microanalyzer, Carlo Erba Eager 200. Statistical differences in the CHN composition between both healthy and eroded skull samples were assessed using an SPSS WIN 7.5 paired Student's t-test.
RESULTS
Lesions were observed in 59.25% of the skulls sampled (range: 0 to 6 lesions in each specimen). Most of the lesions occurred as eroded areas in the frontalorbitosphenoid and pterygoid regions (Fig. 2) , with nasal and orbitary perforations extending into the brain cavity.
Calcium and phosphate minerals were predominant in the inorganic phase of both skull homogenates ( Table 2 ). The powder X-ray diffraction patterns revealed that these calcium phosphate hydroxyde compounds had crystal line structures similar to that of hydroxylapatite, HPA [Ca 10 (PO 4 ) 6 (OH) 2 ] (Fig. 3) , which constitutes the main inorganic phases of the hard tissues of vertebrates. X-ray diffraction patterns of all skull samples were characteristic of moderately crystalline minerals as obtained in a unique crystalline phase. Table 3 shows the results of the CHN analyses. The carbon percentage in eroded areas was 24% lower than in non-eroded areas (t = -8.71; p < 0.05). The CHN (i.e., organic phase) mean composition was 33.18% of the total skull sample in non-eroded areas, whereas 72 
DISCUSSION
Impure forms of HPA, the main mineral of bone and teeth of vertebrates (Bigi et al. 1995) , constituted the main inorganic phases of both eroded and non-eroded skull samples. Since HPA skull crystal structures were similar in healthy and eroded skull areas, macroscopic lesions are probably due to altered organic phases in cranial soft tissues. In fact, the C:N ratio (an index believed to reflect the quantity of carbon-rich molecules relative to the quantity of protein; Ferron & Leggett 1994 ) revealed a decreased composition of the carbon fraction in eroded skull samples. In the extracellular matrix (ECM), major constituents are collagens, noncollagenous glycoproteins and proteoglycans (Kreis & Vale 1993) . Within the ubiquitous proteoglycans found on cell surfaces, the glycosaminoglycan (GAG) polysaccharides side chains represents more than 5% of the organic composition of a given bone in an adult mammal (Kreis & Vale 1993) . While proteins (N-rich molecules) have a C:N ratio near 3.0 (Harris et al. 1986 ), GAGs are carbohydrate structures; thus, when these extended sugar chains are present, it is expected that the ratio will increase to a value above 3.0. In eroded-skull samples, a C:N ratio was found close to 3.0, which was almost 1 / 2 of that of non-eroded samples, probably as a consequence of parasite-caused GAG hydrolisation by chondroitinase-like enzymes. Although at present this hypothesis is still rather speculative, other factors support it: (1) Susceptibility of GAGs to digestion by certain bacterial enzymes has traditionally formed an important biochemical criterion by which GAGs are classified (Kreis & Vale 1993) ; (2) Crassicauda spp. infections have frequently been recorded associated with skull lesions during routine necropsies on cetacean carcasses ; (3) GAG-degrading parasitic enzymes which degrade hyaluronic acids and chondroitin sulphates have been recorded in numerous Nematoda (Sakanari & Mckerrow 1990 , Hotez et al. 1994 ; (4) in migrating Nematoda excretory-secretory (ES) parasitic enzymes are recognised to play an important role in invading host tissues (Fukuda et al. 1990) ; and (5) adult nematodes use polysaccharides as an energetic substrate (Köhler & Voight 1988) . Therefore, it could be that when GAGs are hydrolysed, eroded areas become evident macroscopically due to physical migration of parasitic nematodes through the ECM.
Although the data herein reported provide a better understanding of skull lesions, obviously further research is needed. This is especially true concerning in vivo cultivation of mature Crassicauda adults to biochemically characterise any GAG-degrading parasitic enzyme in the ES nematode products. Furthermore, the collection of fresh fixed cranial tissues (carcasses with Condition 2 as defined by Kuiken & Garcia-Hartmann 1991) is desirable in order to study the tissue and cytochemical structures in both eroded and noneroded skull areas. Moreover, because of problems associated with the biological interpretation of the C:N ratio (Ferron & Leggett 1994 ) simultaneous measurements of all major molecules are needed in order to assess carbon-nitrogen mobilisation accurately. Finally, while Crassicauda nematodes have traditionally been recorded associated with skull lesions, other bacteria and/or viruses may also be present as single or sympatric infections. The existence of multiple etiological agents has also been previously suggested for other parasite-caused diseases in cetaceans . A complete etiological examination of eroded skull samples is, therefore, also desirable to delineate the potential role of disease on cetacean mortality and stranding behaviour.
